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Summary
High frequency radar cross section (RCS) signatures can be strongly influenced by the surface texture of the material, i.e., surface roughness, waviness, and lay. Accurate models for the entire surface condition, including surface texture, material treatments, and outer coatings such as paint, may be required. In particular, simulating the surface condition of a ground based target in an operational environment may be an important aspect of high frequency RCS signature prediction. With this knowledge, researchers and developers will have a high degree of confidence in the model results without requiring as much validation through measurements and field tests, saving the U.S. Army time and cost. These savings will result in the fielding of new and/or improved weapon systems in a much shorter period. In an effort to explore the effect of surface texture on RCS predictions, we measured the waviness and roughness of plate targets. The primary objectives of this experiment were to a) characterize the surface texture of aluminum and RHA plates; b) determine how the surface texture is modified by standard grit blasting methods; and c) estimate the influence of surface condition, primarily random roughness and chemical agent resistant coating (CARC) on RCS predictions.
Aluminum plates were used as a smooth surface for a baseline reference, while rolled homogeneous armor (RHA) was considered the primary material. The aluminum plates were smooth and highly polished, while the RHA plates were heavily scaled and rusted. The roughness of the aluminum and RHA plates were measured using a Gage 2000R coordinate measuring machine (CMM). The roughness was statistically described, based on the CMM measurements, by determining the rms height, peak-to-valley height, p = z pp , correlation length, l c , and standard deviation, s, for each of the plates. The plates were then modified by grit blasting each plate with 100-170 µm size (course grit) glass beads on side A and 40-60 µm size (fine grit) glass beads on side B. The roughness of each plate was measured once again with the Gage 2000R and statistics were developed describing the roughness. We showed s > 4 mils for rusty RHA plates and that grit blasting reduces the standard deviation to s~2 -3 mils. There was a measurable difference with roughness due to grit sizes, but it was small. Either size was considered to represent the surface preparation for painting. In other words, although grit blasting altered the surface appearance, i.e., the surface height distribution was smoother after fine or course grit blasting, the changes did not produce a large effect on the surface roughness. All of the RHA and aluminum plates had approximately Gaussian statistics. This remained true even after grit blasting. A single aluminum plate and two RHA plates were then painted with CARC primer (MIL-P-53030) on side A and CARC green paint (MIL-DTL-64159) on Side B.
For numerical simulation, we used Xpatch to model a random rough surface. The Xpatch results were compared to a modified physical optics (PO) model. The effect of roughness on a monostatic RCS pattern was discussed. We also compared normal and exponential surface x distributions at K a -Band. Measured RCS patterns using the K a -Band monopulse radar are presented for both the aluminum and RHA plates.
Finally, we estimated the influence of surface condition, primarily a plate with random roughness and a coating of CARC on RCS predictions.
Introduction
The rapid acquisition cycle prescribed by the Army Transformation to future combat systems (FCS) makes radar signature simulations attractive for the design of next-generation military vehicles. High frequency radar cross section (RCS) signatures can be strongly influenced by the surface texture of the material i.e., surface roughness, waviness, and lay. Accurate models for the entire surface condition, including surface texture, material treatments, and outer coatings such as paint, may be required. For the Army to use radar signature predictions with confidence, the accuracy and limitations of high frequency algorithms must be well understood when applied to ground vehicles. In particular, simulating the surface condition of a ground based target in an operational environment may be an important aspect of high frequency RCS signature prediction. With this knowledge, researchers and developers will have a high degree of confidence in the model results without requiring as much validation through measurements and field tests, saving the U.S. Army time and cost. These savings will result in the fielding of new and/or improved weapon systems in a much shorter period.
In an effort to explore the effect of surface texture on RCS predictions, the waviness and roughness of plate targets were measured. Square plate facet models were created based on the measured surface roughness statistics. Xpatch 1 , a DoD radar signature prediction analysis code suite based on physical optics (PO) and the shooting and bouncing ray (SBR) method (1), was used to generate RCS predictions for these plates. Predictions were done for a) smooth plates; b) smooth plates coated with chemical agent resistant coating (CARC); c) plates with rough surface; and d) plates with roughness and coated with CARC. The Xpatch predictions were compared to theoretical results at K a -Band to determine the impact of surface roughness and CARC coatings on RCS.
This investigation used Aluminum (Al) plates and weathered rolled homogeneous armor (RHA) plates having rust and scale. There was a single 3 inch by 3 inch (small) aluminum plate, one 6 inch by 6 inch (large) aluminum plate, two 3 inch by 3 inch (small) RHA plates, and one 6 inch by 6 inch (large) RHA plate. Gage 2000R coordinate measuring machine (CMM) measurements showed each plate had slightly different surface texture with different surface roughness statistics. We present analytical and numerical results for backscatter by random rough surfaces and thin coatings such as CARC primer and paint. We describe our ability to modify and characterize the surface roughness and summarize Xpatch predictions compared to theoretical results. We include a plot of preliminary RCS data since a complete series of measurements under controlled conditions could not be arranged at this time.
Purpose
The primary objectives were to a) characterize the surface texture of aluminum and RHA plates; b) determine how the surface texture is modified by standard grit blasting methods; and c) estimate the influence of surface condition, primarily random roughness and CARC on RCS predictions.
Plates
Aluminum Plates
The aluminum plates were used as a smooth surface for a baseline reference. A single 6 inch by 6 inch (large) aluminum plate; designated as plate Al, was cut into four 3 inch x 3 inch (small) aluminum plates with tolerances of ±3/1000 of an inch. One of the small aluminum plates, designated as plate Al-1, was used in this experiment. The aluminum plates were ½ inch thick.
Rolled Homogenous Armor Plates
Four 6 inch by 6 inch (large) RHA plates were cut from a single plate. A single large RHA plate, designated as plate RHA-2 was used in this experiment. This plate, RHA-2, was cut into four 3 inch by 3 inch (small) RHA plates with a tolerance of ±8/1000 of an inch. Two of the small RHA plates, designated as RHA 2-1 and RHA 2-3 were used in this experiment. The RHA plates were ¼ inch thick. Figure 1 shows the four large RHA plates and the one large aluminum plate. RHA plate 1A, 2A, 3A, and 4A refer to the four RHA plates, side A. Aluminum plate A refers to side A of the aluminum plate. Ambient refers to the condition of the plates as obtained. For the RHA plates, the ambient condition was heavy scale and rust, while the ambient condition of the aluminum plate was smooth and highly polished. The waviness and roughness varied slightly between the RHA plates. 
Plate Modifications
The aluminum plates were very smooth and highly polished on both sides. Aluminum plate Al-1 was modified by grit blasting the surface using 100-170 µm size (course grit) glass beads 2 on side A and then adding a layer of CARC paint 3 . Side B was modified by grit blasting the surface using 40-60 µm size (fine grit) glass beads and then adding a layer of CARC primer.
RHA plates 2-1 and 2-3 were modified by grit blasting the surface using course grit glass beads on side A and then adding a layer of CARC paint. Side B was modified by grit blasting the surface using fine grit glass beads and then adding a layer of CARC primer. Table 1 summarizes the plates used during the experiment. Figure 2 shows several of the small RHA plates and the aluminum plate used as a smooth surface for a baseline reference. The plate on the top left is an RHA plate with heavy scale and rust. The plate on the top right is the very smooth and polished aluminum plate. The plate on the bottom left is an RHA plate with CARC primer (MIL-P-53030) and the bottom right is an RHA plate with CARC green paint (MIL-DTL-64159). 
Surface Characterization Using Gage 2000R Coordinate Measuring Machine
Usually the surface roughness of relatively smooth targets can be measured using standard stylus based measurement devices such as the Pocket Surf 4 . However, the RHA plates were too rough for this device, so the surface was measured using the Brown & Sharpe 5 Gage 2000R CMM. The Gage 2000R CMM integrates mechanical, pneumatic, and electronic features to achieve dimensional control, resulting in highly accurate coordinate measurements. The Gage 2000R CMM was used to measure X, Y, and Z coordinates of the RHA and aluminum plates to characterize the waviness and roughness. Gage 2000R performance specifications, reproduced from the Gage 2000R CCM Operator's Manual, are contained in table 2. 
Plate Measurement Results
The length, width, and thickness of the heavily scaled and rusted RHA plates and the aluminum plates were measured using calipers.
We measured the aluminum and RHA plates along a single path traversed across the plate diagonal using the Gage 2000R CMM. The surface height, z, was measured along the plate diagonal a minimum of three times to confirm that different measurements (i.e., slightly different paths) have similar statistics. The results presented are for a single measurement corresponding to a single realization of a random rough surface.
Measurements confirmed that the surface height varies randomly over each aluminum and RHA plate. Based on the CMM measurements, the plates have approximately zero mean height, although there can be some small variation in the plate thickness. A zero mean height was enforced for all plates by subtracting the average height from the data and then calculating the 6 Hilgraeve Inc., Monroe, MI 48161 (http://www.hilgraeve.com). 7 MathWorks, Natick, MA 01760 (http://www.mathworks.com).
rms surface height, h = z rms . For small plates the waviness can be neglected. The surface roughness is approximated on a flat plate by superimposing zero mean height, two-dimensional, random roughness, so that the standard deviation is s = h. The rms height, peak-to-valley height, p = z pp , and correlation length, l c , are included as an inset in the graphs presented.
Aluminum Plate Measurement Characteristics
The Gage 2000 R CMM large aluminum plate measured surface roughness is shown in figure 4 . The measured surface height indicates 3-4 mil variation in thickness over the plate diagonal with the two sides having opposite trends, as might be expected. For the small aluminum plate, we see more of the same random variation as shown in figure 5 , with smooth aluminum having s~0.2 mils. The same plate, after grit blasting, is shown in figure  6 . In all cases, coarse grit was used on side A and fine grit was used on side B. The fine grit increases s by more than an order of magnitude while reducing the correlation length. The distribution of the measured surface height before and after grit blasting aluminum plate Al-1 is shown in figure 7 . The appearances of the fine and course grit-blasted surfaces are similar, however, the data indicates differently, with fine grit surface height being more widely distributed then the coarse grit. Figure 7 . Measured surface height distribution of plate Al-1 before and after (a) course and (b) fine grit blasting.
RHA Plate Measurement Characteristics
The measured surface height for a large, heavily scaled and rusted RHA plate is shown in figure 8 . The waviness can be apparent when traversing across 6-inches, so the two sides can have different height distributions. A measurement over small surface patches or smaller plates minimizes the effect of waviness. The results for small RHA plate 2-1 are shown in figure 9 . This data provides a better characterization of the surface roughness. The rms height is more than an order of magnitude larger than the smooth aluminum plate. Although the RHA plate is not completely flat, the two sides appear more similar for a small plate with s > 4 mils. The distribution of the data for RHA plate 2-1 side A is shown in figure 10 compared to a Gaussian distribution having the same variance. We also include an exponential distribution, exp(-(z + s)/s)/s, defined in the range z = [-s, ∞], since this distribution is sometimes used to represent natural rough surfaces. The comparison for side B is shown in figure 11 and in all cases we use uniform bin sizes of 1 mil for the measured data. The appearance of these histograms can change depending on the bin size and number of data points, but we choose to use a consistent presentation of the data rather than adjust each histogram to more closely resemble a limiting distribution. We include only a single measurement in the histograms typically having 100 data points over the plate diagonal. Outlying data points are expected, but still the surface height appears to be approximately normally distributed, indicating a random variation. 
RHA Plate 2-1 Measurement Characteristics after Grit Blasting
We show RHA plate 2-1 after grit blasting in figure 12 and compare the distribution of the data in figure 13 before and after grit blasting. For RHA plates, the grit blasting reduces s slightly, being more apparent with fine grit. The data compared to Gaussian and exponential distributions is shown in figure 14 and figure 15 for coarse and fine grit, respectively. After grit blasting the data appears slightly skewed. This can be an artifact of enforcing a zero mean condition on the measurements. This was not observed with the grit blasted aluminum plates. One could still argue that the height variation would approach a normal distribution, although grit blasting may have shifted the surface mean line slightly compared to the original plate. 
RHA Plate 2-3 Measurement Characteristics after Grit Blasting
Another example of RHA plate measurements is shown in figure 16 for RHA plate 2-3 after grit blasting where side B appears to be bowed compared to side A. The distribution of the data is shown in figure 17 and figure 18 after blasting with coarse and fine grit, respectively. Similar results are obtained for other plates and, in general, the surface height variation appears random when traversing different paths with the Gage 2000R CMM. Thus, we use limiting distributions in our analysis with parameters determined from the statistics of the height measurements. The data is approximately normally distributed, being a better approximation than an exponential distribution. Still, it is not unusual for finished parts to have more peaks than deep pits so that in our analysis, we also consider an exponential distribution. Figure 18 . Measured surface height distribution of RHA plate 2-3, side B after fine grit blasting compared to Gaussian and exponential distributions.
RHA and Aluminum Plate Measurement Characteristics Summary
We measured the surface characteristics of the plates in the original condition and after modifying the surface with grit blasting. Table 3 summarizes the rms height, peak-to-valley height, p = z pp , correlation length, l c , and standard deviation for each of the graphs presented. We have shown that s > 4 mils for rusty RHA plates and that grit blasting reduces the standard deviation to s~2 -3 mils. There is a measurable difference when using different grit sizes, but it is small and either size is considered to represent the surface preparation for painting. Although grit blasting can alter the surface appearance, i.e., fine and course grit smooth the surface height distribution, the changes do not provide a large effect on the surface roughness. In our analysis we use the statistics obtained from the CMM data for each plate under consideration. All of the small RHA and aluminum plates had approximately Gaussian statistics and this remained true even after grit blasting. 
Approximating Surface Condition Standard Deviation for Modeling
In general, we approximate very smooth metal by s<1 mil, but typical smooth metal parts with s~1 mil. For weathered surfaces, we would use s~5 mil although surface preparation could reduce this to s<3 mil. At millimeter wave (MMW) frequencies, these distinctions are not relevant, since even the roughest parts considered have s<<λ and the effect on the plate backscatter is nearly negligible as we show in the next section. Of course, in a multi-bounce situation, such as corner returns, the reduction in the specular direction could be much larger and the effect on monostatic RCS may not be negligible.
Rough Surface Numerical Modeling
General
Modeling and theory are now examined to estimate the influence of surface condition, primarily random roughness and CARC, on RCS predictions. We begin our analysis by modeling a square plate with Xpatch using the surface roughness statistics presented in the previous section and then calculating the RCS at 34 GHz. Theoretical calculations using Gaussian and exponential surface distributions are considered and compared to small perturbation theory for slightly rough surfaces. The section concludes with an analysis to determine the impact of CARC on RCS.
The RCS of a smooth, flat surface can be calculated at high frequency using the PO approximation to the Stratton-Chu integral equation (2-3), which assumes a constant current in the radiation integral. This provides an accurate RCS pattern for angles near broadside. However, RCS patterns at angles near grazing are inaccurate because physical optics neglects polarization dependent effects and the effect of traveling wave returns (3). At intermediate angles, edge diffraction can become an important factor. This scattering mechanism is included in most RCS codes, although multiple interactions are typically neglected.
Modeling a Square Plate using Xpatch
For a numerical simulation, we use Xpatch with a faceted random rough surface created using Cifer, an Xpatch tool. We define a 3-inch square plate with 1000 nodes per edge and let Cifer generate a facet file with surface statistics based on the rms height and correlation length. An example is shown in figure 19 
Xpatch RCS Calculations for the Modeled Square Plate
The monostatic RCS pattern near broadside at 34 GHz is shown in figure 20 for s = 0, 5, and 50 mil all with l c = 0.2 inch. As expected the effect of s = 5 mil is almost negligible, but s = 50 mil significantly reduces the RCS. Notice that the pattern is no longer symmetric around broadside and for s = 50 mil the RCS at θ = ±10º increases indicating alignment with a local tangent plane at this incident angle. This result is for a single realization of a random surface. However, many realizations would normally be used to determine the distribution of the predicted RCS. RCS data based on these plates would correspond to specific realizations, making it impossible to create an exact facet model representing all of the given plates. Thus, the effect of roughness must be addressed in a statistical sense. One can only estimate the RCS corresponding to a large number of measurements on plates having equal surface roughness statistics. 
Theoretical Calculations
General
The scattering of EM waves from rough surfaces has been widely studied with much of the theory developed for irregularities large compared to wavelength. In this case, Kirchoff's theory applies so that a tangent plane can be defined at every point on the surface for calculating the local fields. For small irregularities perturbation techniques are more appropriate and natural surfaces have roughness superimposed on larger undulations (4-6). For the small plates considered here, we neglect the large scale waviness, and the roughness is small compared to the wavelengths of interest. The surface height, z, is considered to be random and is often characterized in terms of the Rayleigh parameter ( ) cos cos s g ks
where k is the wavenumber, θ and θ s are the incident and scattered angles from broadside, respectively. Our height distributions have zero mean so that h = s is the rms surface height and for backscatter g = (2khcosθ) 2 (7).
Modified PO Model RCS Calculations for a Square Plate
In the specular direction, the effect of moderate roughness is well described by the modified PO model in which the RCS is simply reduced by e -g compared to the smooth surface (7-9). The Xpatch results indicate a larger effect of surface roughness on the RCS pattern compared to the modified PO model (equation 1) as shown in figure 21 . The RCS is at 34 GHz with s = 5 mils and l c = 0.2 inch, which most closely approximates RHA Plate 2-1, side A. This is expected since equation 1 is the average effect whereas Xpatch is for a specific surface as evident by the asymmetric RCS pattern. We showed that the RHA plates have an rms roughness h < 5 mils and this has an almost negligible effect on the specular scattering, as shown in figure 22 , over a wide frequency range. The effect of surface condition on W-Band RCS is larger and may not be negligible, so a similar investigation at W-Band frequencies is recommended. We desire a similar theory that can be used to estimate the effect of random roughness on the monostatic RCS pattern. High frequency approximations can be readily applied to a random surface distribution typically assumed to be Gaussian, although this is not required (7) . In many cases the scattering theory is formulated for large roughness, where shadowing can become important at some incident angles (8-13).
Effect of Roughness on Monostatic RCS Pattern
For a moderately rough surface (ks ~ 1), Gaussian statistics can be assumed with the actual surface height distribution becoming more important with increasing roughness (10) (11) (12) . Our measurements of the surface height represent a single realization of the random surface (i.e., along a specific path) and many of these measurements would produce a distribution closer to Gaussian. However, a single realization tends to be skewed toward positive excursions from the mean line when the surface has more ridges than deep pits. The opposite might be apparent for an extremely pitted surface (e.g., poorly cast parts) which would skew the distribution toward negative excursions. The measured surface height can appear to be exponentially distributed as previously shown, so that this type of distribution is also of interest. For backscatter, the incident direction is directly related to the local surface slope, z' = tanθ, also having zero mean, so the standard deviation of the derivative distribution, s s , is the rms slope, h s . The backscatter depends on the probability that the surface slopes have the proper orientation and can be written in terms of the surface correlation function. The correlation function is assumed to be Gaussian with correlation length, l c . Beckman uses a series approximation appropriate for small spatial wavenumber increments, τ = ζ − ζ',
Then the scattered field can be written in terms of s s which we calculate from the derivative of the measured surface height. The effect of the surface roughness is quantified by the backscattered power normalized to that at broadside (7)
for Gaussian statistics, and
for an exponential surface height distribution. These expressions are derived using geometrical optics (GO) in the limit of vanishing wavelength. But, at fixed frequency, this assumption actually corresponds to large roughness, ks >> 1, so are less appropriate for the slightly rough plates (ks < 0.1) used in this investigation. We also use the theory of Eom and Fung for near broadside backscatter. Although the numerical calculations do not rely on GO, the derivation is subject to Kirchoff's approximation (often called the tangent plane approximation) which assumes large roughness. We show results using this theory, since they are slightly different than that obtained using equation 3. For Gaussian surfaces and correlation function, R(τ), the PEC backscatter coefficient is independent of polarization (4) ( )
The series converges rapidly for small g and we normalize the result to the RCS of a smooth plane. We obtain s and l c from the measured surface height and take a numerical derivative to calculate s s .
Comparing Normal and Exponential Surface Distributions at K a -Band
We compare the monostatic RCS at 34 GHz of a smooth plate to that obtained from equations 3 and 5 for a normal surface and to that obtained from equation (4) for an exponential surface distribution. The comparison is shown in figure 23 for RHA plate 2-1, side A, indicating slight differences between different approximations for the normal surface height distributions. There is also some difference between the normal and exponential distributions, although these differences would be difficult to measure in near specular directions. For the slightly rough plates considered here the specular return is unaffected since ks < 0.1 (see figure 22 ). The comparison for RHA plate 2-1, side B is shown in figure 24 , where, for these parameters the results from equations 3 and 5 are the same for normal surface height distributions. The theoretical differences depend on approximations for the correlation function with equation 5 being more sensitive to the correlation length. After grit blasting both the rms height and slope are reduced with a smaller correlation length. After course grit blasting, the roughness is about half that of the original plate. The calculated RCS reduction for grit-blasted RHA plate 2-3, side A is shown in figure 25 . Beckman's result shows a larger effect on the monostatic return for lower rms slope whereas the result from equation 5 is only a slight effect since the correlation length is much smaller. After fine grit blasting, the roughness is about half that of the original plate. The calculated RCS reduction for grit-blasted RHA plate 2-3, side B is shown in figure 26 . The rms slope is even lower, so Beckman's result shows a larger effect on the monostatic return. For side B the result from equation 5 is a larger effect since the correlation length is larger than that for side A. At K a -Band, the effect of surface roughness is small on the monostatic RCS and would not be an observable influence in the data collected on these plates at most RCS measurement facilities. The effect on the monostatic RCS pattern from equations 3-5 probably overestimates the effect for slightly rough surfaces. This is because of the GO approximation, which would strictly apply only for very rough surfaces or extremely high frequencies. Using equation 5 also appears restricted to larger roughness, since the local tangent plane is assumed larger than the wavelength. At K a -Band frequencies this is not true for the plates considered here, so one would use small perturbation theory to describe the effect of slight roughness on the plate backscatter. The first order perturbation on the PO fields can be determined assuming Gaussian surface statistics (10) (11) (12) (13) . The perturbation term depends on the surface statistics through the twodimensional spectral power density function, and the large scale roughness (waviness) would dominate the influence of the irregular surface compared to a smooth plate. For small plates, the large scale roughness is assumed negligible, so for our parameters the effect on RCS is small and less than typical measurement uncertainties.
Measured RCS Patterns Using a K a -Band Monopulse Radar
An example of some measured RCS patterns are shown in figure 27 using a K a -Band monopulse radar with 1.6 GHz bandwidth (14) . These results are frequency averaged RCS for VerticalVertical polarization measured for an aluminum plate compared to the front and back of RHA plate 2-3. The effect of roughness at K a -Band is most evident in the non-symmetric variation in the RCS pattern, but the amplitude variations are inconclusive. Amplitude uncertainty due to repeating the target's position was not determined for this investigation. However, measurement uncertainty of ±1 dB has been demonstrated on targets with lower RCS and more rigorous alignment constraints (15) . It is expected that the uncertainty in amplitude of the reported measurements is at least as good as this and more likely better. A better controlled experiment is planned in order to improve the measurement repeatability for a set of plates having different surface characteristics. Based on our analysis, the measurement accuracy desired for the RHA plates is difficult to obtain, but under controlled conditions we hope to demonstrate a repeatability for monostatic RCS less than 0.25 dB. 
Thin Coatings Analysis
The final objective of this experiment was to estimate the influence of surface condition, primarily a plate with random roughness and a coating of CARC on RCS predictions. The small aluminum plate and two small RHA plates were painted by the ARL Weapons and Materials Research Directorate (WMRD) using standard application procedures. The plates were painted with CARC primer (MIL-P-53030) on side A and CARC green paint (MIL-DTL-64159) on side B.
Standard coatings are on the order of 3-mils thick (16) . We assumed 2 coats of paint and 4 coats of primer to obtain good coverage on the plates. We used an approximate thickness, d 1 = 0.4 mm for the primer layer and an approximate thickness, d 2 = 0.2 mm for the green CARC layer. The relative permittivity of commercial paints 8 was provided as ε r = 4.2 -j0.02, with a relative permeability, µ r = 1. This would imply that such thin coatings would have a negligible effect on RCS and would be difficult to measure at K a -Band frequencies. The Military Specification for coatings are reported to have somewhat larger loss with the imaginary part of the permittivity less than about 0.1 ± 5% (16) . For the primer layer we use ε r = 6 -j0.1, while for the CARC top coat we use ε r = 3.4 -j0.1, both with relative permeability, µ r = 1 (16) .
For a uniform coating of thickness d, with normalized admittance, y 1 = (ε r /µ r ) ½ , the reflection coefficient at normal incidence can be written (2)
with k 1 = k 0 (ε r µ r ) ½ , the wavenumber of the coating. There are published experimental results that indicate a coating with ε r = 2.53 -j0.145, having d = λ/20 can reduce the broadside return by 5 dB (17). We have not been able to reproduce those results even for thicknesses approaching a wavelength (18) . Using equation 10 one would only expect a negligible effect (~0.03 dB) for such a thin coating. For multi-layer systems we use a recursion relation based on equation 10 assuming the coatings are applied to a base metal. The specular reduction for arbitrary layers of uniform coatings compared to a bare plate can be calculated similarly. The influence of thin, low-loss dielectric coatings on RCS would be difficult to measure at K a -Band frequencies for the parameters considered here.
The specular reflected power, as a function of incidence angle, is shown in figure 28 at a frequency of 34 GHz, where the total thickness d = 0.6 mm ~ λ/15. This result implies that typical CARC treatments would have a negligible effect (< 0.1 dB) on the broadside RCS. A much thicker coating or larger dielectric (or magnetic) dissipation would be required to significantly reduce the return of a metal target. The broadside RCS reduction for these coatings applied to a metal plate is shown in figure 29 as a function of frequency. The combination of the primer and CARC paint reduces the specular reflection somewhat more than the individual layers at K a -Band. For a numerical example with Xpatch we chose a single layer coating with ε r = 4.2 -j0.1 and 0.6 mm (24 mil) thickness. We apply this coating to a smooth and rough plate and compare the Xpatch results for the RCS pattern in figure 30 . The RCS reduction at K a -Band owing to the coating is on the same order as that due to diffuse scattering with the combined effect being about 0.2 dB. For the electrical parameters used here, the CARC paint or primer coatings on our plates would have a negligible effect on the RCS pattern at K a -Band. 
Conclusions
The standard deviation of the height for a small aluminum plate was found to be approximately 0.2 mils (refer to paragraph 3.5.1).
Plate statistics blasted with fine grit are more widely distributed as compared to plates blasted with coarse grit (refer to paragraph 3.5.1).
The rms height of the rusted RHA plate is more than an order of magnitude larger than the rms height of the smooth aluminum plate (refer to paragraph 3.5.2).
We showed the standard deviation of the height for rusted RHA plates is greater than 4 mils and grit blasting reduces the standard deviation to approximately 2-3 mils (refer to paragraph 3.5.5).
There is a measurable difference when using different grit sizes, but it is small and either size is considered to represent surface preparation for painting (refer to paragraph 3.5.5).
The small aluminum and RHA plates had approximately Gaussian statistics before and after grit blasting (refer to paragraph 3.5.5).
In general, the height standard deviation of smooth metal can be approximated as less than a mil, while typical smooth metal parts can be approximated as 1 mil. For weathered RHA surfaces, the standard deviation could be approximated as 5 mils, although if the surface has been prepared, a standard deviation of less than 3 mils would not be unreasonable (refer to paragraph 3.5.6).
At K a -Band the effect of surface roughness is small on the monostatic RCS and would not have an observable influence on data collected at most RCS measurement facilities (refer to paragraph 5.1.2.2).
Typical CARC treatments would have a negligible effect (<1 dB) on the broadside RCS. A much thicker coating or larger dielectric (or magnetic) dissipation would be required to significantly reduce the return of a metal target (refer to paragraph 5.2)
Recommendations
Based on our analysis, the measurement accuracy desired for the RHA plates is difficult to obtain, but under controlled conditions, we hope to demonstrate a repeatability for monostatic RCS less than 0.25 dB (refer to paragraph 5.1.2.
3)
The effect of surface condition on W-Band RCS is larger than at K a -Band and may not be negligible, so a similar investigation at W-Band frequencies is recommended (refer to paragraph 5.1.1).
